Heterologous Expression of Polycyclic Aromatic Hydrocarbon Ring-Hydroxylating Dioxygenase Genes from a Novel Pyrene-Degrading Betaproteobacterium by Singleton, David R. et al.
Heterologous Expression of Polycyclic Aromatic Hydrocarbon Ring-
Hydroxylating Dioxygenase Genes from a Novel Pyrene-Degrading
Betaproteobacterium
David R. Singleton, Jing Hu, and Michael D. Aitken
Department of Environmental Sciences and Engineering, Gillings School of Global Public Health, University of North Carolina, Chapel Hill, North Carolina, USA
A betaproteobacterium within the family Rhodocyclaceae previously identified as a pyrene degrader via stable-isotope probing
(SIP) of contaminated soil (designated pyrene group 1 or PG1) was cultivated as the dominant member of a mixed bacterial cul-
ture. A metagenomic library was constructed, and the largest contigs were analyzed for genes associated with polycyclic aromatic
hydrocarbon (PAH) metabolism. Eight pairs of genes with similarity to the - and -subunits of ring-hydroxylating dioxygen-
ases (RHDs) associated with aerobic bacterial PAH degradation were identified and linked to PG1 through PCR analyses of a
simplified enrichment culture. In tandem with a ferredoxin and reductase found in close proximity to one pair of RHD genes, six
of the RHDs were cloned and expressed in Escherichia coli. Each cloned RHD was tested for activity against nine PAHs ranging
in size from two to five rings. Despite differences in their predicted protein sequences, each of the six RHDs was capable of trans-
forming phenanthrene and pyrene. Three RHDs could additionally transform naphthalene and fluorene, and these genotypes
were also associated with the ability of the E. coli constructs to convert indole to indigo. Only one of the six cloned RHDs was
capable of transforming anthracene and benz[a]anthracene. None of the tested RHDs were capable of significantly transforming
fluoranthene, chrysene, or benzo[a]pyrene.
Awide variety of bacteria are capable of transforming polycyclicaromatic hydrocarbons (PAHs), ubiquitous environmental
chemicals that at high concentrations can be considered major
pollutants, particularly at sites such as former manufactured gas
plants (MGPs) (17, 56). A number of PAHs, particularly those
with 4 or more rings, are considered potential carcinogens (39).
The reasons for their generally incomplete biological removal
from contaminated sites (35, 42) have not yet been fully eluci-
dated.
While the genes and pathways of aerobic bacterial PAH metab-
olism are generally well understood in representative strains from
some bacterial genera such as Pseudomonas (4, 5, 10), Mycobacte-
rium (28, 32), and Sphingomonas (57), the variability in genes
responsible for the transformation of these compounds in com-
plex environments has only begun to be revealed. Surveys of con-
taminated sites using degenerate primers for genes associated with
PAH degradation have revealed gene clusters with low similarity
to homologous genes from described organisms (34, 36) that were
presumably derived from organisms that have yet to be cultivated
or closely examined in the laboratory.
As with other areas of microbial ecology, the emergent tech-
nology of high-throughput pyrosequencing has the potential to
dramatically impact the study of PAH biodegradation. With the
current relative ease of genomic sequencing, the number of ge-
nomes of PAH-degrading organisms is rapidly increasing (3, 6, 24,
54), and more are likely to be obtained in the future. Metagenomic
studies also hold the promise of recovering large numbers of genes
related to biodegradation even in the absence of an isolated organ-
ism. For example, a recent survey of a tidal mudflat for genes
associated with biphenyl metabolism coupled with stable-isotope
probing (SIP) revealed a high diversity of those genes, many of
which were novel (22).
One common target for studies relevant to PAH degradation is
the gene for the -subunit of the ring-hydroxylating dioxygenase
(RHD), for which a large number of PCR primer sets have already
been developed (23). RHDs are multicomponent enzymes in the
family of Rieske nonheme iron oxygenases that catalyze the initial
step in aerobic bacterial PAH degradation through the addition of
oxygen to an aromatic ring (14, 40). The well-studied naphthalene
dioxygenase associated with the nah gene cluster (of Pseudomonas
spp.) contains three components: a reductase, ferredoxin, and di-
oxygenase, with the dioxygenase itself consisting of large () and
small () subunits (40). A functional naphthalene dioxygenase
therefore requires the expression of four genes (18). The genes
encoding all three of these activities are located in close proximity
in the nah gene cluster (10, 58) and in gene clusters associated with
PAH metabolism in other organisms (8, 13, 16, 25, 26, 33). How-
ever, in some organisms, these genes can be scattered among dif-
ferent operons (2, 7, 30, 43). Understanding these genes, the en-
zymes they code for, and their substrate specificities may be key to
understanding some limitations of PAH biodegradation.
In prior work, we used SIP to identify the bacteria capable of
growth on several PAHs, including naphthalene, phenanthrene,
and pyrene in soil from a former MGP site in Charlotte, NC, that
had been treated in a lab-scale, aerobic slurry bioreactor (49, 51).
Of particular interest were several groups of uncultivated proteo-
bacteria capable of growing on pyrene, a four-ring PAH that is
commonly used as a model compound for studies of high-molec-
ular-weight PAHs. One of these groups, designated pyrene group
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1 (or PG1) dominated the clone library constructed of 13C-en-
riched DNA and comprised very closely related sequences of Be-
taproteobacteria within the family Rhodocyclaceae. Organisms as-
sociated with these sequences were later shown to be capable of
phenanthrene degradation in a separate SIP experiment (48), and
sequences related to PG1 sequences were among the most abun-
dant bacterial sequences that were recovered in a laboratory soil
column following persulfate oxidation of a PAH-contaminated
soil (41). The 16S rRNA gene of the SIP-derived representative
clonal sequence possessed low similarity to isolated and charac-
terized organisms (92% to a Denitratisoma strain at the time of
publication and currently 95% to Sulfuritalea hydrogenivorans).
However, this sequence was closely related to a variety of other
environmental clones from a range of geographically diverse hab-
itats, suggesting a possible widespread distribution of the group.
In this work, we describe the enrichment of a member of py-
rene group 1 as a member of a mixed bacterial community, met-
agenomic sequencing of a portion of its genome, and the descrip-
tion and expression of multiple RHD genes associated with PAH
metabolism. This work adds to our incomplete understanding of
the diversity of PAH-degrading bacteria and the genetic determi-
nants of PAH metabolism, and it highlights the need for further
studies that focus on those organisms that may have environmen-
tal relevance but have not yet been isolated in the laboratory.
MATERIALS AND METHODS
Chemicals. The chemicals used in this study, their purity, and vendors
were as follows: naphthalene (99%, scintillation grade; Aldrich, Mil-
waukee, WI), phenanthrene (96%, high-performance liquid chroma-
tography [HPLC] grade; Sigma, St. Louis, MO), anthracene (scintillation
grade; Kodak, Rochester, NY), fluorene (98%; Aldrich), pyrene (product
P-2146; Sigma), benz[a]anthracene (i.e., 1,2-benzanthracene, 99%; Al-
drich), fluoranthene (98%; Aldrich), chrysene (98%; Aldrich), benzo-
[a]pyrene (97%; Aldrich), and indole (99%; Aldrich).
Cultivation. Growth of pyrene-degrading bacteria from PAH-con-
taminated soil from Charlotte, NC, that had been treated in a lab-scale,
aerobic bioreactor (49) was initially performed on solid medium consist-
ing of 5% (vol/vol) autoclaved bioreactor-treated slurry in a 10 mM phos-
phate buffer amended with 2.3 mM NH4NO3 (pH 7.0) (reactor buffer)
and 1.5% agar. Serial dilutions of bioreactor slurry were spread onto the
plates before a layer of pyrene was deposited on the agar surface using a
thin-layer chromatography plate sprayer with a solution of 2% (wt/wt)
pyrene in acetone. The plates were incubated at room temperature in the
dark for several weeks. Clear zones that developed in the pyrene overspray
were tested for the presence of SIP-identified PAH degraders using previ-
ously developed PCR primers (see below). Subsequent maintenance of
pyrene-degrading mixed cultures was in SSEM, an autoclave-sterilized
liquid medium consisting of 1% of a soil slurry extract in reactor buffer.
Soil slurry extract was prepared by adding 7 g (wet weight) of uncontam-
inated garden soil from Carrboro, NC, to 35 ml reactor buffer, shaking
vigorously for at least 1 h, centrifuging to remove solids, and filtering (0.45
m) the liquid phase. As a carbon source, pyrene or phenanthrene was
added in an acetone solution after autoclaving to a final concentration of
0.02% (wt/vol). Serial dilutions of the mixed culture were performed with
phosphate-buffered saline (pH 7.4) and occasionally incorporated a 10-s
incubation in an ultrasonic bath to disrupt aggregates.
Two cultures were used during this experiment. The first, called the
metagenomic enrichment culture, contained at least five bacterial species
but appeared dominated by members of pyrene group 1 (PG1). The sec-
ond culture, derived from the metagenomic enrichment culture and des-
ignated the simplified enrichment culture appeared to contain fewer or-
ganisms while retaining PG1. Isolates from the simplified enrichment
culture capable of growth on nutrient agar (Difco) and nutrient broth
were grown on those media. The cultures were stored at 80°C in 15%
glycerol.
Screening and sequencing. Screening for the presence of uncharac-
terized pyrene-degrading bacteria determined by SIP was performed with
conventional PCR using primers specific for those organisms as previ-
ously described (51). Cells sampled from clear zones on pyrene-sprayed
plates were suspended in water and used as the template for PCR screen-
ing. Amplicons were examined on 2% agarose gels. DNA from liquid
cultures was obtained using the Wizard Genomic DNA purification kit
(Promega, Madison, WI). Quantification of 16S rRNA genes associated
with members of the uncharacterized PG1 was performed by quantitative
real-time PCR as previously described (51).
Metagenomic sequencing was performed on a DNA sample extracted
from the metagenomic enrichment culture in which quantitative real-
time PCR (qPCR) indicated that the majority (90%) of 16S rRNA genes
were associated with the organism of interest (PG1). DNA was isolated
from 40 ml of SSEM culture as described above and purified with a DNA
Clean and Concentrator kit (Zymo Research, Irvine, CA). A total of 6.4 g
of DNA was submitted for pyrosequencing at the University of North
Carolina High Throughput Sequencing Facility using a Roche/454 Life
Sciences GS-FLX platform, and the resultant reads were assembled using
gsAssembler (Roche). The assembled contigs were submitted to the U.S.
Department of Energy Joint Genome Institute (DOE JGI) Integrated Mi-
crobial Genomes with Microbiome Samples Expert Review system (IMG/
MER) for annotation (37). Analyses of the metagenome and searches for
16S rRNA genes and functional genes potentially associated with PAH
degradation were carried out with tools within the IMG/MER system.
BLAST searches of 16S rRNA genes and predicted protein sequences of
functional genes were carried out on the National Center for Biotechnol-
ogy Information website (1).
DNA sequencing of 16S rRNA genes of isolates and end sequencing of
plasmid constructs (see below) was performed by either the University of
North Carolina Genome Analysis Facility or Eton Bioscience (Durham,
NC). Isolate genes were amplified by whole-cell PCR from single colonies
using general 16S rRNA gene primers 8F and 1492R, the amplicons puri-
fied using the QIAquick PCR purification kit (Qiagen), and the partial
gene sequences obtained using primers 8F, 939R, and 1492R. To compare
nucleotide sequences of the RHD genes that have been determined to
those of existing PCR primer pairs, DNA sequences were aligned with
representative RHD genes using ClustalX 2.0 (55), the target positions
were identified in the representative sequences, and the aligned bases were
manually compared to the primers. DNA and predicted protein sequences
of determined genes were aligned, and trees were generated using a neigh-
bor-joining algorithm and a bootstrap value of 1,000 using ClustalX.
DGGE. Denaturing gradient gel electrophoresis (DGGE) was per-
formed to examine the complexity of the pyrene-degrading mixed cul-
ture. DGGE-PCR was performed with general bacterial primers 341FGC
and 517R for 25 cycles of touchdown PCR. The initial annealing temper-
ature for the PCR was 65°C with a decrease of 1°C during each of the first
10 cycles to a final annealing temperature of 55°C for the final 15 cycles.
The gel contained 10% acrylamide with 30 to 60% denaturant and was run
at 60 V for approximately 16 h.
Construction of plasmids for ring-hydroxylating dioxygenase gene
expression. Genes identified from the metagenomic analysis as possible
subunits of a PAH-related RHD or members of an electron transport
system involved with PAH metabolism were PCR amplified using tem-
plate DNA extracted from the simplified enrichment culture. PCR prim-
ers were designed to include restriction sites for cloning as well as ribo-
some binding sites (RBS) for expression in Escherichia coli (see Table S1 in
the supplemental material). Forward primers for the first cloned gene
additionally incorporated a stop codon prior to the RBS to prevent the
addition of a polyhistidine tag to the protein. Putative RHD - and -sub-
unit pairs were amplified together as a single product and therefore pos-
sessed only a single added RBS upstream of the -subunit. Cloning was
performed by standard methods (44), and vectors and host strains used
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are described in Table 1. The genes were first PCR amplified and cloned
into pCR4-TOPO (Invitrogen), and the sequences were checked against
the metagenome-derived sequences by 5=- and 3=-end sequencing using
primers targeting M13 sites in the vector. The genes were then excised
from the cloning vector using restriction endonucleases (New England
BioLabs) targeting sites incorporated into the initial PCR primers and
cloned into vector pRSET-A (Invitrogen). Restriction sites internal to the
cloned genes of some dioxygenase pairs required partial digestion and gel
extraction using a QIAquick gel extraction kit (Qiagen) prior to cloning
into the expression vector. The presence of either two or four cloned genes
in the final constructs in the correct orientation and size was confirmed by
PCR using primers at the 5= end of the ferredoxin gene and the 3= end of
either the reductase or RHD -subunit genes prior to transformation into
the host strain for expression.
Expression of RHDs in Escherichia coli. Putative RHDs and associ-
ated electron transport genes cloned into the vector pRSET-A were trans-
formed into E. coli host BL21(DE3)pLysS for expression using a method
similar to that employed by Kim et al. (27). Single colonies grown over-
night on LB plates containing ampicillin (50 g/ml) and chloramphenicol
(35 g/ml) were inoculated into 5 ml of LB broth (with antibiotics) and
incubated overnight at 30°C and 225 rpm. One milliliter of the overnight
culture was used to inoculate 200 ml of LB broth containing antibiotics
which was shaken at 30°C and 225 rpm until the optical density at 600 nm
(OD600) of the culture reached 0.5. At that point, isopropyl--D-1-thio-
galactopyranoside (IPTG) was added to a final concentration of 1 mM to
induce expression, and the flask was returned to the shaker for 2 h. Cells
from 90 ml of culture were pelleted by centrifugation and washed with M9
minimal medium containing glucose (M9-glucose) and antibiotics before
being resuspended to the initial volume in fresh M9-glucose medium
containing antibiotics. Three milliliters each of this culture were aliquoted
into 27 screw cap glass tubes to test activity against 9 PAHs in triplicate.
PAHs were added individually to the cell suspensions in dimethyl sulfox-
ide (DMSO) to a target final concentration of 1 g/ml. The tubes were
incubated in the dark for 40 to 42 h at 30°C and shaken at 225 rpm, except
for tubes containing no cells, which were incubated for 15 h. PAHs were
extracted by the addition of 7 ml of ethyl acetate to the tubes, followed by
vortexing for 10 s, and quantified by HPLC as previously described (50).
Reductions in the PAH concentrations during incubation of strains con-
taining all four genes of an RHD were compared to a strain containing
only the ferredoxin and reductase genes. Abiotic controls of the media and
added PAH but without cells were also performed in triplicate.
Test for indigo formation. E. coli BL21(DE3)pLysS host cells contain-
ing a plasmid with the electron transport genes and both subunits of a
candidate RHD were streaked on LB plates containing ampicillin and
chloramphenicol. A crystal of indole was placed in the center of the lid,
and the plates were incubated inverted at 30°C overnight and at room
temperature thereafter for several weeks. Formation of a purple product
was indicative of indigo formation (11, 45).
Nucleotide sequence accession numbers. Sequences from this study
were deposited into GenBank under accession numbers JQ360171 to
JQ360191. The metagenome is publicly available on the IMG/MER web-
site under the name “bacterial pyrene-degrading mixed culture.”
RESULTS
Cultivation. PCR screening of a clear zone on a pyrene-over-
sprayed agar plate derived from lab-scale bioreactor-treated soil
led to a mixed culture containing a betaproteobacterium with
high 16S rRNA gene sequence similarity to a number of unchar-
acterized environmental sequences, including a group of pyrene-
degrading bacteria recovered from a prior SIP experiment on that
same soil designated pyrene group 1 or PG1 (51). Quantitative
real-time PCR (qPCR) of a liquid culture that had been inoculated
from the clear zone on the plate and successively transferred for
over 2 years indicated that 16S rRNA genes associated with PG1
comprised 90% of the total bacterial 16S rRNA genes in that
culture. We refer to this as the metagenomic enrichment culture,
as DNA extracted from it was used for metagenomic sequencing.
A second culture called the simplified enrichment culture was
derived from the metagenomic enrichment culture and was the
product of successive transfers and serial dilutions for another 2
years. DNA from the simplified enrichment culture was used to
PCR amplify genes of interest for expression.
DGGE analyses of the simplified enrichment culture (Fig. 1)
indicated three bands, each of which could be matched to either an
isolate cultivated from the culture on nutrient agar medium
(identified through 16S rRNA gene sequencing as members of the
Pseudomonas or Variovorax genus and designated strains BW1
and LY1, respectively) or a 16S rRNA gene associated with PG1
(Fig. 1). The 16S rRNA gene of Variovorax sp. strain LY1 possessed
99.6% similarity to a partial Variovorax 16S rRNA gene in the
metagenomic library (see below) and was identical to Variovorax
paradoxus strain IHB B. The isolated Pseudomonas strain pos-
sessed 99.9% 16S rRNA gene similarity to a number of sequences
recovered by SIP with [U-13C]naphthalene (49) of the same bio-
reactor-treated soil from which PG1 was cultivated and 99.8%
similarity to Pseudomonas fluorescens strain A1XB1-4. The relative
abundance of PG1 16S rRNA genes in this simplified culture was
37% as determined by qPCR. This mixed culture required approx-
imately 10 days to clear crystalline pyrene from a liquid medium.
Both strains BW1 and LY1 independently grew (increased turbid-
ity) in SSEM liquid medium containing pyrene as the dominant
carbon source. The PG1 organism was not successfully cultivated
in isolation.
Metagenomic analyses. A metagenomic library was con-
TABLE 1 Vectors and strains used in this study
Plasmid or strain
Relevant phenotype, genotype, or
description Source
Plasmids
pCR4-TOPO Ampr Kanr; cloning vector for sequencing Invitrogen
pRSET-A Ampr; vector for gene expression Invitrogen
pFR.1 pRSET-A vector with ferredoxin and
reductase genes
This study
pFRR.1 pFR.1 containing / subunit genes of
putative RHD-1
This study
pFRR.2 pFR.1 containing / subunit genes of
putative RHD-2
This study
pFRR.5 pFR.1 containing / subunit genes of
putative RHD-5
This study
pFRR.6 pFR.1 containing / subunit genes of
putative RHD-6
This study
pFRR.7 pFR.1 containing / subunit genes of
putative RHD-7
This study
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structed from DNA extracted from the culture in which 16S rRNA
genes associated with PG1 were 90% of the total 16S rRNA
genes. A total of 288,933 reads were obtained, resulting in
115,626,839 total base pairs of raw data. After elimination of poor-
quality reads and assembly, these data were condensed to
5,512,543 bases on 5,446 contigs (maximum contig size, 356,464
bp). The largest contigs were presumed to have been derived from
the most abundant DNA in the culture (PG1), so further analyses
concentrated only on DNA fragments of 10 kbp. These 33 con-
tigs totaled 2,848,788 bp (51.7% of the assembled fragments) and
contained 2,751 predicted protein-encoding genes. As evidence
for common derivation from a single species, the largest contigs
had similar GC contents (54% 
 2%; maximum 59%, mini-
mum 48%). The smaller contigs had a wider range of GC con-
tent, with the majority (82%) possessing at least 60% GC (see
Fig. S1 in the supplemental material).
Only one complete 16S rRNA gene (assembled from multiple
fragments; total size, 1,562 bp) was recovered from the metag-
enomic library. This gene possessed 99.8% sequence similarity to
the representative sequence of PG1 from the prior SIP experiment
(see Fig. S2 in the supplemental material). Additional partial 16S
rRNA gene fragments in the metagenomic library were associated
with organisms related to the Stenotrophomonas or Burkholderia
(100% identity over 348 bp), Methylobacterium (100%; 494 bp),
Variovorax (99%; 688 bp), and Cupriavidus or Ralstonia (100%;
153 bp) genera.
Using the Integrated Microbial Genomics/Microbiome Expert
Review (IMG/MER) system, the largest contigs were examined for
genes associated with ring-hydroxylating dioxygenases (RHDs).
Eight RHD gene pairs (- and -subunits) on the 33 largest con-
tigs possessed significant similarity to and clustered with known
PAH-associated RHD genes (Fig. 2). All of these putative RHD
-subunit genes possessed the expected conserved residues for a
Rieske center, iron binding, and electron transfer. The predicted
amino acid sequences of the -subunit of these genes possessed 42
to 79% identity (57 to 86% similarity) to established RHD protein
sequences. Genes putatively encoding the -subunit of an RHD
were found adjacent to and downstream of the -subunit genes in
each of these eight instances. The predicted amino acid sequences
in the -subunits of two pairs of RHDs possessed significant
amino acid similarity to one another (PahAc1 and PahAc3, 75%
similarity; PahAc2 and PahAc4, 90%), so only one member of
each pair was used for expression experiments.
Recommended PCR primer sets developed for the amplifica-
tion of PAH-associated RHDs and Rieske centers (23) were tested
in silico against the eight RHD -subunit sequences (see Table S2
in the supplemental material). Primers targeting the RHD Rieske
center generally possessed few mismatches to the RHD gene se-
quences and would likely amplify those regions. In contrast, prim-
ers recommended for amplification of RHD genes from both
Gram-negative and Gram-positive bacteria possessed a greater
number of mismatches and, depending on the specific PCR con-
ditions, would be unlikely to amplify the genes described in this
study.
Genes potentially associated with PAH degradation in PG1
generally did not cluster in complete and clearly defined operons
(Fig. 3). However, one of the more significant clusters of putative
PAH metabolism genes appeared on contig_05431, which con-
tained genes for all four subunits of an RHD (Fig. 3). This cluster
also contained a putative hydratase/aldolase (open reading frame
[ORF] F) and isomerase (ORF G), which were homologous to the
nahE and nahD genes of Pseudomonas putida G7, respectively
(52). The remaining two ORFs in this cluster (ORFs C and D) had
strong predicted amino acid similarity (93% and 82%, respec-
tively) to genes similarly located downstream of a ferredoxin-en-
coding gene in the betaproteobacteria Burkholderia sp. strain
DBT1 (in a gene cluster responsible for dibenzothiophene trans-
formation), but those genes did not have an obvious relationship
to PAH degradation (9). This entire cluster of PAH-related genes
on contig_05431 may be controlled by a divergently transcribed
lysR-type transcriptional regulator (ORF A).
A second, incomplete cluster of putative genes for PAH metab-
olism appeared on contig_05432, with a putative dihydrodiol de-
hydrogenase (ORF B), catechol 2,3-dioxygenase (ORF D), and
two pairs of RHD genes. The gene arrangement of an aromatic
RHD -subunit (ORF F, unrelated to a PAH-associated RHD),
succinate dehydrogenase/fumarate reductase (ORF G), and ferre-
doxin (ORF H) also appeared in the genome of Mycobacterium sp.
strain KMS, and several other ORFs in this region bore high sim-
ilarity to genes in Mycobacterium spp. (see Table S3 in the supple-
mental material).
FIG 1 DGGE showing the diversity of bacterial 16S rRNA genes in the sim-
plified enrichment culture from which RHD genes were amplified for expres-
sion studies. All lanes were run on a single gel, but the image was cropped to
remove intervening lanes and areas without obvious bands. The vertical thin black
lines indicate where lanes were digitally removed. In the two leftmost lanes, the
simplified enrichment culture was grown with either amended phenanthrene or
pyrene. In the middle two lanes, genomic DNA from isolated bacteria is shown. In
lane PG1 clone PYR10d2, a PG1 clonal sequence from the earlier SIP experiment is
shown. A no-DNA control is shown in the rightmost lane.
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The other five identified RHD gene pairs did not appear in
regions with significant numbers of genes potentially associated
with PAH metabolism. Additional genes that did appear to encode
several “lower pathway” enzymes, including a tautomerase, decar-
boxylase, aldolase, hydratase, and semialdehyde dehydrogenase
(with similarity to nahJ, nahK, nahM, nahL, and nahI of P. putida
G7, respectively) appeared in a cluster on the largest contig (data
not shown) but were not located close to any identified RHD gene.
The full description of genes in close proximity to the identified
RHDs presented in Fig. 3 can be found in Table S3 in the supple-
mental material.
Substrate specificity of cloned RHDs. Pairs of RHD genes (-
and -subunits) were cloned into an expression vector behind the
ferredoxin and reductase genes identified on contig_05431 (Fig.
3). The template DNA for cloning reactions was extracted from
the simplified enrichment culture. PCR primers specific for each
of the RHDs were additionally tested against isolated strains from
this culture, but no PCR primer set produced a product (data not
shown). This strongly suggests that the cloned RHD genes were
derived from the unisolated PG1 organism or some other, unde-
tected, minor member of that community.
In order to evaluate whether a particular RHD possessed activ-
FIG 2 Neighbor-joining tree of predicted RHD -subunit protein sequences. Sequences from this experiment are shown in boldface type. The open and closed
circles at the nodes indicate 95% and 50% bootstrap support, respectively. GenBank accession numbers are indicated in parentheses. A biphenyl dioxygenase
was used as an outgroup.
FIG 3 Gene neighborhoods of RHD genes on contigs putatively associated with the PG1 organism. Diagrams are derived from information provided by the
IMG/MER system. Predicted RHD - and -subunits are shown with a black background. Ferredoxin and reductase genes are shown on a gray background. The
highest BLASTP hits to the predicted amino acid sequence of each open reading frame (ORF) can be found in supplemental information (see Table S3 in
the supplemental material).
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ity against an added substrate, the amount of PAH remaining after
induction and incubation with an E. coli host expressing a putative
PG1 RHD was compared to an equivalent incubation with an E.
coli host strain containing only the cloned electron transport genes
(the ferredoxin and reductase) and no RHD (i.e., a no-RHD con-
trol, plasmid pFR.1). Given the variability that could arise during
the addition of the substrates, incubations, and PAH extractions,
we conservatively considered only results with at least a 25% de-
crease in PAH concentration and statistically significant differ-
ence to the no-RHD control (Student’s t test; P  0.05) as evi-
dence of enzymatic activity against a given substrate (determined
in part from analyses of abiotic controls; data not shown).
Six RHDs were evaluated for their ability to transform nine PAHs
ranging in size from 2 to 5 rings: naphthalene, phenanthrene, an-
thracene, fluorene, pyrene, fluoranthene, benz[a]anthracene,
chrysene, and benzo[a]pyrene. Substrates for which at least one
RHD was capable of transformation under the criteria specified
above are shown in Fig. 4. All six RHDs significantly transformed
both phenanthrene and pyrene. No significant removal was ob-
served for chrysene, benzo[a]pyrene, or fluoranthene from any
cloned RHD.
Three RHDs (RHD-1, RHD-2, and RHD-5) were additionally
capable of transforming the low-molecular-weight PAHs naph-
thalene and fluorene (Fig. 4). These RHDs also conferred upon the
E. coli host the ability to convert indole to indigo, additional evi-
dence of a functional RHD. The gene products of RHD-5 dis-
played a particularly strong reaction when exposed to indole, with
rapid and strong production of indigo even in the absence of gene
induction. PG1 RHD-6, RHD-7, and RHD-8 did not appear ca-
pable of transforming indole to indigo. RHD-1 was the only di-
oxygenase tested capable of transforming anthracene and ben-
z[a]anthracene. It is possible that a negative result for a given PAH
may have been due to undetermined factors (e.g., poor expres-
sion, enzyme instability) other than substrate specificity.
DISCUSSION
Previously, SIP of PAH-contaminated soil treated in a bioreactor
identified three groups of uncultivated proteobacteria capable of
incorporating carbon from pyrene, none of which were closely
related to described genera (51). One of the groups, which we
named pyrene group 1, did not appear to be an abundant member
of the contaminated soil prior to bioreactor treatment. We hy-
pothesized that conditions utilized during biological treatment of
the soil in a lab-scale, aerobic bioreactor provided a more favor-
able environment for the growth of these organisms. With this in
mind, we set out to isolate members of the uncultivated pyrene-
degrading groups by creating a medium that mimicked the con-
ditions of the bioreactor environment, with the bioreactor slurry
itself as the major component.
We were successful in obtaining a culture containing PG1 as a
predominant member of a mixed culture. After construction of
the metagenomic library, successive dilution series and transfers
in liquid media produced a mixed culture appearing to comprise
three organisms: the unclassified PG1 organism (or organisms),
and Pseudomonas and Variovorax strains. Interestingly, a prior
study of bacteria from an Arctic soil also identified Pseudomonas
and Variovorax strains as part of a biofilm consortium growing on
solid pyrene (12). The surface environment of solid pyrene may be
analogous to the conditions on our initial isolation plate, with
crystalline pyrene deposited on the agar surface. It is likely that
both of these organisms were carryovers from the initial cultiva-
tion efforts and subsisted and thrived due to their possible pyrene-
degrading capabilities. As 16S rRNA gene sequences highly similar
to the PG1 organism have appeared in clone libraries from envi-
ronmental sources around the world (15, 19–21) but no isolates
have been recovered, a reliance on other bacteria for a required
nutrient or activity may be one explanation for this lack of culti-
vation.
The metagenomic library provided several new gene sequences
putatively associated with PAH metabolism. There are several
lines of evidence that many, if not all, of these genes are associated
with PG1. First, the culture from which the metagenomic library
was created was dominated by members of PG1. As such, we ex-
pected that the greatest number of sequences and therefore the
largest assembled contigs would be derived from that organism.
As support, the only complete 16S rRNA gene recovered from the
library was associated with PG1. Second, the GC percentages of
each of the 33 largest contigs were similar to one another, suggest-
ing a common source organism. The majority of the smaller frag-
ments, presumably derived primarily from the minor members of
the community, possessed significantly higher GC percentages.
Third, most of the genes studied were not highly similar to homol-
ogous PAH degradation genes from described organisms, further
suggesting derivation from a previously unstudied organism or
genus. Finally, in a simplified enrichment culture, no PCR prod-
uct was obtained in screens for the PAH degradation genes from
isolated members of the consortium, suggesting that it was an
FIG 4 Decrease in PAH parent compound concentration by E. coli cells expressing all four PG1 RHD genes relative to E. coli cells expressing only the RHD
ferredoxin and reductase genes. Values are averages plus standard deviations (error bars) of triplicate incubations. Experiments for which an expressed RHD
displayed at least 25% removal of the PAH and significantly lower PAH concentration than the control without expressed RHD - and -subunits are indicated
by asterisks. Abbreviations: NAP, naphthalene; FLU, fluorene; ANT, anthracene; BAA, benz[a]anthracene; PHN, phenanthrene; PYR, pyrene.
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unisolated member of the culture from which the genes were am-
plified. These data strongly suggest that the PG1 organism was the
source of the genes characterized in this study, although we cannot
entirely exclude the possibility of an additional, undetected organ-
ism in the culture which may have been the source of one or more
of the RHD genes.
While it was unlikely that the entirety of the PG1 organism’s
genome was represented in the library, a large number of genes
putatively associated with PAH degradation were acquired, in-
cluding eight RHD gene pairs. There is precedent for such a large
number of RHD genes in a single organism—for example, Myco-
bacterium vanbaalenii PYR-1 expresses 10 RHDs, with six of them
induced in the presence of pyrene (31). An additional possibility is
that these genes are associated with several strains of PG1 organ-
isms in the culture, which might explain the high diversity and
number of RHDs. However, whether this might be the case cannot
be determined from the available data. Also similar to M. van-
baalenii, we found significantly fewer genes for enzymes putatively
catalyzing the remaining two steps of the “upper pathway” of PAH
degradation (a dihydrodiol dehydrogenase and ring cleavage di-
oxygenase, respectively) among the contigs presumed to be de-
rived from PG1. The induction of genes associated with PAH deg-
radation and the characterization of the remaining genes in the
upper pathway in PG1 will be the subjects of future research.
Based on genomic proximity, only one set of electron carrier
genes appeared to be associated with PAH-RHDs in the available
genomic data for PG1. The cloned and expressed ferredoxin and
reductase genes were located in close proximity to RHD-1 (genes
pahAc1 and pahAd1) and were likely controlled by the same tran-
scriptional regulator. RHD-1 was also the enzyme with the broad-
est substrate range of the six enzymes tested in this study. It is
possible that this expanded substrate range for RHD-1 was a result
of a complete dioxygenase enzyme consisting of the four subunits
that would typically comprise the holoenzyme in the PG1 organ-
ism and that the cloned and expressed ferredoxin and reductase
were not typically associated with the other five RHDs. The role of
electron carrier subunits in RHDs associated with PAH metabo-
lism is not always clear. Some dioxygenases have been successfully
expressed heterologously with electron carrier genes from the tar-
get organism (25, 45, 53), while others functioned only with re-
placement genes from a different organism (27, 29, 46). Still other
RHDs have been expressed using electron transfer proteins native
to an E. coli host (7, 26, 33, 38, 47). In some cases, the addition of
specific electron carrier genes significantly increased activity of an
expressed dioxygenase, suggesting that the specific electron carrier
proteins present can be important for activity of the enzyme (7,
29). We did not explicitly test whether the cloned ferredoxin and
reductase genes from PG1 were required for RHD activity, but the
successful transformation of at least two PAHs by each of the six
RHDs suggests that either the cloned genes for electron transfer or
native E. coli proteins were sufficient to provide some level of
activity. It is noteworthy that all six RHDs transformed phenan-
threne and pyrene, two growth substrates for members of PG1 as
previously revealed by SIP (48, 51).
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